Probiotic agents have been shown to have significant clinical beneficial effects in the prevention and management of gastrointestinal and non-gastrointestinal conditions. These observations have led to work demonstrating that an important mechanism of these agents is their close interaction with the gut associated lymphoid tissue (GALT) and suggested immunomodulatory effects on systemic immune response. Studies on the possibility that prebiotic agents might directly or indirectly induce similar immunomodulation have only recently begun. The preliminary findings of several recent human clinical trials reviewed in this article indicate that prebiotics may indeed prove to be a clinically beneficial dietary supplement, in the context of novel nutritional strategies for the management of gastrointestinal and systemic conditions.
Introduction
The intestinal milieu constitutes the setting for close interaction between the individual and its surrounding environment, with a constant exchange of energy, water, nutrients and electrolytes. The mucosal surface of the gut serves as an effective barrier to prevent entry of a wide spectrum of pathogens, toxins and allergens; however in clear contrast with other mucosal organs, the gut must allow for the passage of nutrients. A complex ecosystem, the intestinal flora actively interrelates with this mucosal surface. The largest lymphoid organ in the body, the gut associated lymphoid tissue (GALT) evolves and responds dynamically to the presence of and changes in the intestinal flora (Drasar & Roberts, 2001) . Lack of this 'microbial experience' leads to significant pathophysiological consequences. For example, an underdeveloped GALT in animals devoid of an intestinal flora results in persistent enteritis, severe infections and poor survival. In addition, a metabolically active intestinal flora is critical for the maintenance of a healthy gut epithelium, vitamin production, bile acid metabolism and enterohepatic circulation to name a few. Additionally changes in the human microflora have been correlated with modulated local and systemic immune responses of the GALT (De Simone et al. 1992; Link-Amster et al. 1994) .
Probiotics and immunological effects
The concept of probiotics has advanced rapidly over the last several years. The body of circumstantial evidence suggesting immunomodulatory properties in particular is today vast and varied: the purposeful modification of the intestinal microbiota with probiotics leads to select clinical beneficial effects (Fuller, 1991; Hanson & Yolken, 1999; Naidu et al. 1999; Elmer et al. 1996) . Such specific effects with ingestion of particular strains have been demonstrated; for example the ingestion of lactase producing lactobacillus decreased symptoms of lactose maldigestion (Shermak et al. 1995) . The use of probiotics has been shown to have a therapeutic as well as prophylactic effect on diarrhoeal illnesses of multiple aetiologies such as Clostridium difficile induced enteritis (Biller et al. 1995; Gorbach et al. 1987 ), traveller's diarrhoea (Hilton et al. 1997) as well as antibiotic associated diarrhoea ( Vanderhoof et al. 1999) . Several well-controlled studies have demonstrated that dietary supplementation with either bifidobacteria or lactobacilli will decrease the duration and/or severity of acute diarrhoeal disease in infants and children (Guarino et al. 1997; Majamaa et al. 1995; Oberhelman et al. 1999) . Prospective studies have also shown that the incidence of acute diarrhoea can be decreased (Saavedra et al. 1994; 1999a,b) . Interestingly however, the best documented effects in diarrhoeal disease both in animals and humans have been observed in cases of viral gastroenteritis (Duffy et al. 1994; Saavedra et al. 1999b ). The supplementation with probiotics in infants with atopic dermatitis and cow's mild protein allergy has also shown positive outcomes (Pessi et al. 2000; Majamaa & Isolauri, 1997) . The probiotic effect is unlikely to be due a simple overwhelming of indigenous flora by the ingested nonpathogenic organism. Numerous studies now suggest direct probiotic immunomodulation of the GALT, its humoral as well as its cellular immune component Kaila et al. 1992; Marteau & Cellier, 1999; Perdigon et al. 1994) . The mechanisms for this immunomodulation are still unknown as of this writing; probiotic agents can induce cytokine production in varying degrees, including intraleukin 1 2, tumor necrosis factor alpha and interferon gamma (IL-12, TNF-K, and IFN-3) (Solis & Lemonnier, 1991) increased production of IFN alpha in macrophages, mediated by messenger RNA encoding IFN-K. (Kitazawwa et al. 1994) , Peyer patch proliferation of B-cells, with enhanced antibody production (Yasui & Ohwaki, 1991; Yasui et al. 1994) , and optimization of cellular immune responses (Chiang et al. 2000) .
Animal studies with Bifidobacterium bifidum have shown that several probiotics may have a beneficial effect against rotaviral diarrhoea (Duffy et al. 1993; . This is a systemic response (Yasui et al. 1995) , as demonstrated by the passive protection against rotavirus observed in mouse pups born to and nursed by dams fed bifidobacteria. This protection was mediated through an increase in the amount of specific anti rotavirus IgA in the milk of dams fed probiotics. In mammals, including humans, the entero-mammary pathway for secretory IgA production is thought to be an important protective mechanism against infections in breast-fed children. Finally, recent studies show that additional mechanisms induced by probiotic ingestion may play a role in protection from pathogens, such as decreasing adherence by inducing the secretion of specific mucins through induction of MUC genes in the gut (Mack et al. 1999) , thus modulating the barrier effect of the gut.
Prebiotics and immunological effects
Of particular interest has been the fact that breast-fed infants carry bifidobacteria as their predominant intestinal flora, with wide variations amongst different populations (Balmer & Wharton, 1989; Yoshioka et al. 1983 ). This native probiotic infant flora is maintained in the breast-fed infant in part via bifidogenic substrates, galacto-oligosaccharides (McVeagh & Miller, 1997) , contained in human breast milk and classically termed 'bifido factor'. This interplay between flora and breastmilk has drawn attention to the bifidogenic effect of nutritional supplements and bifidogenicity has become a hallmark of the prebiotic concept.
Oligofructose and other oligosaccharides have a significant effect on the population of luminal flora, in particular, stimulating bifidobacterial populations (Bouhnik et al. 1997; Gibson et al. 1995; Rao, 1999; Roberfroid, 1996) . Bifidobacteria are present in high counts early in the infant faecal flora, but the numbers of these native organisms decreases significantly thereafter. Oligofructose as a prebiotic has shown specific bifidogenicity. Thus, it is likely that the immunological effects observed in probiotic studies could be demonstrated via the use of prebiotics, and that these agents may ultimately demonstrate similar clinical benefits as have been reported with probiotic bacteria. Only recently have these efforts begun, but the initial observations appear very promising.
Human prebiotic clinical trials
Human studies have only recently begun. Although most of the information discussed here has been only recently presented or is preliminary, the data suggest clinically significant effects that warrant further study and explanation.
We recently presented the results of a double masked, randomized controlled study to assess several clinical parameters related to common acute paediatric illnesses in infants and toddlers, supplemented with oligofructose. The gastro-intestinal tolerance to this oligofructose, a non-absorbable non-digested carbohydrate was also assessed (Saavedra et al. 1999; Tschernia et al. 1999) .
One hundred and twenty-three out of 140 subjects recruited completed the study. These healthy children, between the ages of 4 and 24 months were already consuming cereal prior to enrolment in the study and were all attending daycare in a large metropolitan area. The children were randomized to receive a commercially available infant cereal alone or the same cereal supplemented with oligofructose at a concentration of 0·55 g per 15 g of dry cereal.
The cereal was offered ad libitum, with an encouraged minimum goal intake of 15 g serving of dry cereal per day.
Total consumption was calculated using data obtained both at home and at the daycare. Once enrolled, children remained on the study as long as they continued to consume cereal. Data was obtained through a weekly daycare visit and a weekly phone call with a parent or guardian, using a standardized questionnaire and included: height and weight, cereal consumption, bowel movement frequency and consistency, GI symptomatology (regurgitation, flatulence, apparent discomfort) and diaper rash. When the caretaker perceived 'diarrhoea', further information was queried pertaining to stool frequency, consistency and duration of perceived illness as well as associated symptoms fever, vomiting and pain. Parents were also queried for the presence of cold symptoms, with particular attention to the presence of fever and use of antibiotics.
Both groups showed similar cereal consumption (average 3·32 g/kg per day supplemented, 3·45 g/kg per day control). During the entire study period, the supplemented group consumed a calculated daily average of 1·1 g oligofructose/day; all subjects exhibited normal growth during the study, and the cereal was well tolerated in both groups.
No significant differences were observed when comparing the occurrence of perceived flatulence, stool frequency and consistency. A significantly lower frequency of reported emesis, regurgitation (spitting up), and perceived discomfort with bowel movements was noted in the supplemented group. The supplemented group reported a fre-quency of constipation of almost 40 % less than the unsupplemented group, although this did not reach statistical significance (Fig. 1) .
The overall incidence of diarrhoea by parental report was not significantly different between the two groups. This remained the case when a more stringent, albeit arbitrary, definition of diarrhoea was applied (daily loose or watery stool frequency greater than two and lasting for at least 48 h). Using this definition, the supplemented and control groups had 2·5 and 2·08 episodes per subject year (not significant). There were no statistical differences in stool consistency during these events and the average duration of a diarrhoeal episode was similar (2·97 days in supplemented group v. 3·37 days in the control groups, no significance). In this healthy population, diarrhoeal illness was mild in terms of purge, and the impact on hydration status was minimal. No subject was hospitalized for diarrhoeal disease during the entire study period.
However, highly significant differences were noted when comparing the groups for the occurrence of concurrent fever as an indicator of severity during diarrhoeal episodes (15·7 % supplemented v. 40·4 % control, P, 0·05). A similar and highly significant decrease in medical attention seeking during such an event was also detected in the oligofructose-supplemented group (16·13 % v. control 24·3 %, P, 0·05). A greater daycare absenteeism rate during reported diarrhoea was observed in the control group (supplemented 0·31 days per subject-week of diarrhea, control 0·79 days per subject-week of diarrhoea), Fig. 2 . A significant difference in the occurrence of fever with 'cold symptoms' between the two groups was also noted (supplemented 5·76 v. control 9·05 episodes per subject year, P, 0·05). Additionally, the control subjects reported a significantly higher use of antibiotics during respiratory illness (8·33 v. 12·03 episodes per subject year, P, 0·05).
This first study on the clinical benefits of oligofructose supplementation clearly demonstrates an interesting impact on the occurrence of febrile illness, either associated with diarrhea or upper respiratory illness; both are usually of viral etiology in the pediatric population. The question of potential immunomodulatory activity through this novel nutritional prebiotic strategy is raised.
A recent study by Firmansyah et al. (2001) seems to add further weight to this observation. The authors studied the effect of a cereal weaning food, supplemented with oligofructose on the immunological response to measles vaccine. In this double masked, placebo controlled trial, fifty healthy infants aged 7 -9 months of age were randomized to receive a standard cereal or one supplemented with a mixture of oligofructose and inulin, added at a concentration of 1 g per 25 g of dry weight cereal.
The subjects received one to two servings of the cereals daily for 10 weeks. After 4 weeks of participation, the children were immunized using a standard live attenuated measles vaccination. Data collected included weight and height at baseline, at week 4 and again at week 10. Antibody levels (anti measles IgG and IgM) were measured by ELISA method at baseline and at week 10. Interview at weeks 4, 6 and 10 of participation were conducted and data collected included cereal intake, stool frequency and consistency, flatulence and vomiting. Statistical analysis did not reveal any differences between the groups at baseline, and both cereals were well tolerated. Importantly there was no difference on growth parameters between groups during the entire study. Mean intake of cereal was 5 g per kg body weight per day, with no difference between the two groups. The supplemented group received 0·2 g prebiotic per kg body weight per day. However a significant difference was noted when comparing anti measles IgG: initial levels were low and similar Fig. 1 . Reported frequency of gastrointestinal related symptoms over the study period. B ¼ group supplemented with oligofructose. p ¼ control group. *P,0·05. Adapted from Saavedra et al. (1999) and Tschernia et al. (1999) . between groups at baseline, but a significant difference post-immunization was clearly detected above baseline (supplemented group: 6·6-fold increase v. control: 4·2fold increase, P, 0·03). Anti measles IgM levels showed no inter-or intragroup significant differences throughout the study. The positivity rates for children with adequate IgG antibody response were 96 % and 88 % in the supplemented and control group, respectively (P, 0·01). Mild reactions in the period post vaccination were observed more frequently in the supplemented group. Although this study does not provide any further insight into the mechanism of the observed clinical benefit, a targeted nutritional strategy using prebiotics during childhood immunization certainly deserves further attention and investigation.
Finally, two other recent studies using a synbiotic, the concurrent administration of a probiotic and a prebiotic have shown significant effects. In a double masked trial (Ahmad et al. 2000) , fifty-eight healthy children with acute gastroenteritis were randomized to receive a low lactose formula with or without a combination of Lactobacillus rhamnosus and oligofructose. The duration of diarrhoea was significantly shortened in the supplemented group (1·63 v. 2·45 days).
The second study, conducted by Fisberg et al. (2000) was a multicenter, double masked controlled trial: 626 children, aged between 1 and 6 years with mild to moderate malnutrition were enrolled to receive a nutritional supplement with or without a synbiotic preparation (containing Lactobacillus acidophilus, Bifidobacterium infantis and oligofructose). Children were evaluated by a monthly visit, for 4 months, and data recorded included supplement intake, height, weight, and stool pattern incidence and duration of illness, and episodes requiring antibiotics. The number of 'sick days' for subjects aged 3 -5 years was significantly lower in the group receiving the synbiotic supplement. Overall the total number of 'sick days' decreased in both groups over the study time, as the nutritional status of these children improved.
Although the latter two studies used the combination of a prebiotic and a probiotic, they suggest that even in high risk, ill pediatric populations oligofructose is well tolerated, and may be partially responsible for the clinical beneficial effects noticed.
Further studies will be necessary to corroborate these preliminary findings. As we have demonstrated, infants and young children tolerate oligofructose, up to 0·8 g/kg body weight per day, in our own experience. In none of these controlled trials were there any significant differences in the potential signs of gastrointestinal intolerance such as flatulence, abdominal discomfort, or increased purge as noted in adult studies typically with doses above 15 g/d. Of note, most of these pediatric studies utilized semi-solid foods (cereal) as a vehicle for administration; which may be a major factor in allowing for the delivery of higher doses without adverse symptoms.
Thus far, the pediatric studies available using exclusively a prebiotic preparation have been carried out in healthy populations. These children typically will have fewer disruptions in the intestinal flora, and a potential better bifidogenic response than in children in developing countries, with high morbidity or high nutritional risk. In this latter population, a synbiotic may prove more efficacious than either agent alone.
The mechanisms of action certainly need to be adequately defined, but it is becoming apparent that the modifications of intestinal flora by the ingestion of probiotics, prebiotics or synbiotics can interact with the immunological component of the intestine, and yield not only gastrointestinal protective effects, but given the nature of the immune response of the GALT, may yield systemic effects, that in turn may have significance in other mucosal surfaces, such as the skin and respiratory tract, thereby providing a broader systemic benefit. Much has been learned, but much has yet to be learned.
